Basilar artery occlusion is one of the most devastating neurological conditions known to man. Though rare, patients with clinical syndromes localized to this anatomical region are often referred to acute stroke and endovascular units. Recent studies evaluating the efficacy of endovascular approaches to stroke have focused on anterior circulation syndromes. In this review, we examine the approaches to stroke syndromes due to basilar artery thrombosis. We share the relevant data for intravenous and intra-arterial tissue plasminogen activator as well as mechanical approaches to restoring perfusion in this critical area of the brain.
ature demonstrate an improved natural history with aggressive intervention [7] . However, the retrospective nature of a majority of these studies, the heterogeneity of management philosophies, and the rapid evolution of interventional treatment modalities over time make definitive statements regarding a best approach difficult [8] [9] [10] [11] [12] [13] .
Three neutral trials of endovascular therapy for acute ischemic stroke have recently been published in the New England Journal of Medicine (IMS III, Synthesis, and MR-RESCUE) [14] [15] [16] . This has dampened the enthusiasm for endovascular therapies. However, patients with acute basilar artery occlusion were not well represented in these studies. Basilar artery occlusion is a devastating pathology that continues to warrant aggressive treatment. For example, in IMS III, only 4 patients with acute basilar artery occlusion underwent intraarterial (IA) therapy (and thrombolysis in cerebral infarction scores were not reported) [14] . Synthesis did not require patients with posterior circulation strokes to have basilar artery occlusions to be enrolled in the study and randomized to, and receive, endovascular therapy [15] . MR-RESCUE only included patients with anterior circulation strokes [16] . Unlike other stroke syndromes where significant controversy exists as to the role of endovascular therapy, the preponderance of evidence suggests that IA approaches may in fact impart a major survival advantage. In this review, we focus on the different modalities of IA therapy and their efficacy in the management of acute basilar artery occlusion.
Intravenous Therapy
Patients with acute ischemic stroke in the anterior circulation benefit from intravenous thrombolysis (IVT) within 4.5 h after symptom onset [17] . However, due to the devastating nature of basilar artery occlusions, the time to treatment is often extended beyond 4.5 h. More than 67% of basilar artery occlusion patients present >3 h after symptom onset, which is, in part, a reflection of the ill-defined symptoms and the diagnostic difficulties of this disease [18] . As the risk of poor functional outcome is proportional to the time to recanalization therapy, the need to achieve quicker recanalization is underscored [18] . Endovascular therapies have become an attractive modality to achieve this goal.
Endovascular Treatment Options

IA Thrombolysis
The use of IA tissue plasminogen activator (tPA) was first described over 30 years ago [19] . Therefore, it is perhaps surprising that the number of large-scale studies of IA thrombolysis in posterior circulation strokes remains small. In this regard, an Australian multicenter, randomized, controlled trial of IA urokinase in the treatment of acute posterior circulation ischemic stroke administered within 24 h of symptom onset was a foundational study. Only 16 patients were randomized; 8 patients received IA thrombolysis, and 4 of the patients died. Of the survivors, the 4-month modified Rankin Scale (mRS) score was 1 [20] . In the control group, 4 patients died. However, the 4-month mRS score in the stroke survivors was only 3 [20] . Although the study population was too small to draw statistically significant conclusions, the results suggested that IA thrombolytics may be beneficial for patients with acute vertebrobasilar occlusions.
Most other reports are case series that differ in treatment protocol and study methodology, making direct comparisons of study results difficult. In one of the largest case series involving 180 patients with acute vertebrobasilar occlusion treated with IA thrombolysis, complete and partial recanalizations were achieved in 55 and 19% of the cases, respectively [21] . Recanalization was significantly associated with a favorable outcome and negatively correlated with the volume of thrombus [21] . Neurologic outcome strongly correlated with pretreatment mRS score, age, and coma lasting <4.5 h on univariate testing [21] . However, the duration of brainstem stroke symptoms and coma duration were not significant as independent variables for a favorable neurological outcome in multivariate testing [21] . In other words, the authors could not establish a time window that would exclude selected patients from IA fibrinolysis. This was corroborated in another, smaller study which showed no correlation between admission Glasgow Coma Scale (GCS) and 90-day mRS scores and indicated that equal numbers of patients with the good neurologic outcome of an mRS score of ≤ 1 (n = 12) had a GCS score of ≤ 6 or >6 at presentation [22] . The authors also argued that low GCS scores at presentation should not exclude patients from IA thrombolytic therapy [22] .
A meta-analysis including 10 studies and 316 patients demonstrated a recanalization rate of 64%, a mortality rate of 56%, and a 48% absolute risk reduction of death (p < 0.001) [23] . A consistent survival benefit was predicted by revascularization (87% nonrecanalized compared with 39% recanalized; p < 0.001). Since this meta-analysis included studies with a high degree of heterogeneity (in the timing of interventions, interventional technique, and outcome measurements), differences in neurological outcomes amongst survivors could not be adequately assessed. Notwithstanding these inherent limitations, there was a strong suggestion that IA thrombolytics reduce mortality in patients with acute basilar artery occlusions.
It is unclear at this time how IA therapy compares with IV therapy, due to the lack of randomized controlled trials. In a systematic review of published case series of substantial size reporting the outcome of basilar artery occlusion after IA thrombolysis or IVT, mortality or dependency were equally common between the two routes of medication delivery, i.e., 78% (59 of 76) and 76% (260 of 344), respectively (p = 0.82) [9] . The therapeutic windows in the studies were divided into the ultra-acute (within 6 h) and acute (within 12 h) [9] . Outcome scores approximating a 3-month outcome were used, if provided [9] . Although recanalization was achieved more frequently with IA delivery (225 of 344; 65%) than with IVT (40 of 76; 53%; p = 0.05), there was no difference in survival rates and positive outcomes (IA vs. IV: 24 and 22%) [9] . It is, therefore, reasonable to argue that IVT be performed in centers without the capability of IA delivery. Interestingly, studies in recent years have looked at the use of IVT to bridge the time gap until IA therapy is initiated [12, 24] . Pfefferkorn et al. [13] showed that initial IVT in a community hospital followed by IA thrombolysis in an interventional neuroradiology center may have higher efficacy than IA thrombolysis alone.
There is a paucity of data in the literature to establish the efficacy of IA thrombolysis in combination with IVT or other modalities such as IA stenting and mechanical thrombectomy in the treatment of acute basilar artery occlusion. The overall rate of symptomatic hemorrhage ranges from 0 to 14% in published studies [9, 22, [25] [26] [27] [28] [29] . Considering the poor natural history of the disease, this rate of symptomatic hemorrhage may be acceptable. Moreover, the rates of symptomatic hemorrhage appear to be lower with the more recent mechanical thrombectomy technologies. Multi-institutional randomized trials are needed to fill the many gaps in knowledge concerning IA thrombolysis.
Angioplasty and Stenting
Sundt et al. [30] reported the first intracranial angioplasty performed in a basilar artery. Recanalization of the intracranial vertebral and basilar arteries by angioplasty and/or stenting has since become an increasingly feasible option due to advances in endovascular treatment [31] [32] [33] . The focus of this paper is the management of acute thrombotic occlusion of the basilar artery, and we will therefore not focus on the management of intracranial atherosclerosis per se, a subject that is well reviewed elsewhere [34, 35] .
IA Thrombectomy
Mechanical thrombectomy has been shown to restore patency in large intracranial vessel occlusion in 41-54% of cases [36] [37] [38] [39] . This treatment modality represents an alternative for those who fail conventional intravenous tPA therapy. The most common devices reported in the literature include Merci and Penumbra aspiration catheters, the Solitaire, and Trevo stent retrievers.
The Mechanical Embolus Removal in Cerebral Ischemia (MERCI) trial assessed the efficacy of mechanical thrombectomy using the Merci Retrieval System (Concentric Medical Inc.) within the first 8 h of acute ischemic stroke [37] . This prospective, nonrandomized, multicenter trial targeted patients who were ineligible for intravenous tPA therapy. Depending on whether the analysis was based on intention-to-treat or on actual deployment of the device, the recanalization rate ranged from 46 to 48%, with clinically significant procedural complications occurring in 7.1% of patients with large-vessel occlusion. Specifically, 9% of the study population had basilar artery occlusion. Although the study grouped vertebral and basilar artery occlusions in one entity, the rate of recanalization was up to 50%, and the 90-day mortality rate was 50% [37] . Thirty-six percent of the patients in this group had a favorable mRS score of ≤ 2 at 90 days, which may be viewed as a vast improvement compared with reported mortality rates of 83-92% if the vessel fails to open with IA thrombolytic therapy [40, 41] . The Multi MERCI trial was a subsequent iteration that included patients who were also treated with IV tPA [11] . Of note, there were no differences in the rates of intracranial hemorrhage or clinically significant procedural complications seen between those treated with IV tPA and those who were not, suggesting that pretreatment with IV tPA did not affect the safety of the procedure. Thirty-five percent of the patients with posterior circulation occlusion had a favorable outcome with an mRS score of ≤ 2 in 90 days with the L5 Merci system [11] .
The Penumbra thrombectomy device works by fragmenting and aspirating the thrombus (a representative case is shown in fig. 1 ). In a prospective, multicenter, single-arm study, 9 patients with basilar artery occlusion who presented within 8 h of symptom onset had a 38% observed mortality rate compared to the 88% expected mortality rate derived from the existing literature. These early data suggested that the penumbra device may have potential 
as a treatment for basilar artery occlusion due to thromboembolism [42] . Data concerning the use of the Penumbra device in cases of basilar artery occlusions are often not reported separately from the entire study population [43] [44] [45] .
The Trevo retriever is a stent retriever that applies a radial retrieval force within the thrombus and entraps the thrombus within the confines of the stent. A microcatheter is placed distal to the thrombus, and a retriever is deployed by unsheathing the microcatheter, resulting in the opening of the stent and radial displacement of the thrombus against the vessel wall, leading to the incorporation of the clot into the stent struts [46] . In an open-label, randomized, controlled trial that compared the efficacy of the Trevo device with that of the Merci device, it was found that 76 patients (86%) in the Trevo group and 54 patients (60%) in the Merci group met the primary endpoint of a thrombolysis in cerebral infarction score of ≥ 2 [46] . The data suggest that the Trevo retriever may be more effective than the Merci retriever in clot retrieval. Compared with the Merci group, more patients in the Trevo group had good long-term functional outcomes at 90 days. In this trial, Trevo and Merci retrievers were used to treat 7 (8%) and 5 patients (6%) with vertebrobasilar strokes, respectively [46] . The Solitaire system is a self-extending, fully retrievable nitinol stent used for mechanical recanalization that is based on the Solitaire AB, which is commonly used for the stent-assisted treatment of intracranial aneurysms (a representative case is shown in fig. 2 ). In a prospective study by Mourand et al. [47] , successful recanalization was achieved in 23 of 31 patients (74%) within the first 24 h after the onset of symptoms. Five symptomatic intracranial hemorrhages were related to the procedure, and symptomatic distal migrations of thrombotic material occurred in 10 cases. A favorable outcome, measured at more than 180 days after the procedure, was observed in 35% of the patients with an overall mortality rate of 32% [47] . Costalat et al. [48] analyzed 16 cases of basilar occlusion that were treated with combined therapy, as part of the Rescue, Combined and Stand-Alone Thrombectomy (RECOST) study for large-vessel occlusions. Six patients had thrombectomy alone, and 10 had combination Retrieval of the device resulted in complete revascularization of the basilar artery and its distal territories. A focal, severe, midbasilar stenosis was now demonstrable. This was successfully treated by angioplasty alone, using a Gateway PTA Balloon Catheter. A decision was made not to stent the vessel at this time, given the need for acetylsalicylic acid/Plavix in the context of an acute stroke syndrome. therapy, which was immediate IVT as a bridging mechanism until the angiographic suite was ready for urgent thrombectomy. The mean recanalization time from symptom onset was 377 min. In these cases, 44% had a discharge NIHSS score of 0-1, 44% had an NIHSS score improvement of >9 points, and the 3-month mortality was 33% [48] . However, the outcome analysis was not made available for basilar artery thrombosis specifically.
Results from the Basilar Artery International Cooperation Study
Most of what we know about outcomes from endovascular interventions for basilar artery occlusion comes from retrospective case series ( table 1 ) . The Basilar Artery International Cooperation Study (BASICS) was the first organized, prospective, observational registry of consecutive patients who presented with an acute, symptomatic, and radiographically confirmed basilar artery occlusion that allowed comparisons of outcomes at 1 month between different treatment groups [25] . These treatment groups included (1) antithrombotic treatment only, (2) primary IVT including subsequent IA thrombolysis, and (3) IA therapy, which comprised thrombolysis, mechanical thrombectomy, stenting, or a combination of these approaches. Overall, 62% of the patients were treated within 6 h of symptom onset. Fifty-two percent of the patients had NIHSS scores of >20. They confirmed the poor prognosis after basilar artery occlusion, with a third mortality and a third dependency at 1 month. A key finding from this observational study was that there was no statistically significant superiority for any treatment strategy. However, there were trends to suggest that patients with a mild-to-moderate deficit more often had a poor outcome if they were treated with IA therapy rather than with IVT. Conversely, patients with a severe deficit seemed to benefit from both IVT and IA therapy. The absolute risk of death or dependency was 19% (IVT) and 10% (IA therapy) lower than the risk with antithrombotic treatment only [25] . From these data, one could argue that patients with minor symptoms may benefit from anticoagulation-/antithrombotic-based strategies alone rather than from aggressive IA interventions. However, an intrinsic flaw of the study lies in grouping patients treated with subsequent IA thrombolysis in the IVT group. It is difficult to assess the effectiveness of IA thrombolysis alone in basilar artery occlusion as IV tPA is the gold standard in the treatment of ischemic stroke, provided that a patient fits the inclusion criteria. It is, therefore, hard to conceive a study that subjects a patient to up-front IA therapy. Also, the current interpretation of the results from the BASICS is limited by the introduction of stent retrievers, which were not available at the time of the study. Currently, at Yale-New Haven Hospital, the management of patients with acute basilar artery occlusion is based on the severity of symptoms. If the neurological deficits are mild, such as vertigo, nausea, and vomiting, then medical management with IVT is offered, if appropriate. This is corroborated by the BASICS [25] . IV tPA is given up to 4.5 h from symptom onset. If the deficits are more severe, such as hemiparesis, tetraparesis, and a fluctuating level of consciousness, then a more aggressive IA therapy is recommended after the administration of IV tPA. IA tPA is often given with mechanical revascularization as well. As there is little information about reperfusion and hemorrhage in basilar thrombosis, sometimes we perform an MRI to help assess the infarct burden before proceeding with IA delivery. Our center is able to perform acute MRI in a timely manner with the cooperation of the radiology department, which would prioritize stroke patients that may benefit from MRI with acute stroke sequences.
Utility of Pretreatment MRI in Predicting Outcomes
CT is known to be inferior in detecting brainstem ischemia [49] [50] [51] . Pretreatment MR diffusion-weighted imaging (DWI) has been shown to be a useful tool for predicting outcomes of basilar artery occlusions. Although some medical centers may not have the capability to perform MRI in a timely manner, there are sufficient data to demonstrate its utility in basilar artery occlusion.
Renard et al. [26] used a 10-point semiquantitative score composed of 1 point for unilateral and 2 points for bilateral involvement of each brainstem level (medulla, pons, and midbrain) and 0.5 points for each region and each side of the thalamus and temporooccipital lobe reflecting the number of acute ischemic brain lesions on DWI. In 16 patients treated with IA tPA, the authors found that a high lesion score was an additional predictor of poor outcome, defined as an mRS score of >2 [26] .
Similarly, Cho et al. [52] analyzed baseline clinical and DWI parameters in 29 patients treated with endovascular procedures for acute basilar artery occlusion using a semiquantitative score based on arterial territory segmentation developed by Tatu et al. [53] . This scoring system is a summation of the territories involved: 0-8 in the medulla, 0-6 in the pons, and 0-8 in the midbrain. The total number of involved arterial territories defined the brainstem DWI lesion score, ranging between 0 and 22 [53] . The outcomes at 3 months were dichotomized according to the mRS score into favorable (score of 0-2) and unfavorable (score of 3-6) [52] . The patients were treated with various IA modalities including tPA, tPA with IV abciximab, tPA with mechanical thrombectomy, or mechanical thrombectomy alone. In multivariate analysis, the brainstem DWI score was the only independent baseline predictor of clinical outcome (p = 0.026) [52] .
Other pretreatment scores using DWI have also been published. Karameshev et al. [54] tested their score, which is a combination of those of Renard et al. [26] and Cho et al. [52] , and showed that it reliably quantified pretreatment ischemic damage and was an independent predictor of functional outcome at 3 months. Similarly, a posterior circulation Acute Stroke Prognosis Early CT Score of ≥ 8 points on early DWI is an independent predictor of a favorable outcome at 3 months in patients with acute basilar artery occlusion [55] . Although there are isolated reports of some functional recovery despite DWI evidence of infarction from basilar artery occlusion, the evidence supports DWI as a useful tool for prognostication. When available, it should be incorporated into future clinical trials and used in everyday practice when considering IA therapy for basilar artery occlusion [56, 57] .
Conclusions
Basilar artery occlusion is a devastating disease due to the anatomic nature of the involved vessel. Various modalities of treatment are available, ranging from medical (antithrombotic, antiplatelet, and thrombolytic agents) to more aggressive endovascular interventions. There are many open questions due to the lack of prospective studies. The BASICS did not make a distinction between patients treated with IA thrombolysis or IVT [25] . The role of IA delivery during the early IVT time window will hopefully be elucidated in the upcoming BASICS. There is still a lack of data concerning the impact of bridging IV therapy on recanalization and reperfusion hemorrhage rates. There is also a paucity of prospective data on outcomes based on different interventions, specifically for the treatment of basilar artery occlusion. The newer generation of devices, such as stent retriever and Penumbra MAX systems, might be better than the older devices. The current data suggest that occlusions associated with severe clinical symptoms may benefit from endovascular interventions, while milder impairments may benefit from anticoagulation/antithrombotic treatments. Multicenter, prospective studies are warranted to compare the different treatment modalities.
